Sucrose synthase (SuSy) is a highly regulated cytosolic enzyme that catalyzes the conversion of sucrose and a nucleoside diphosphate into the corresponding nucleoside diphosphate glucose and fructose. To determine the impact of SuSy activity in starch metabolism and yield in potato ( Solanum tuberosum L.) tubers we measured sugar levels and enzyme activities in tubers of SuSyoverexpressing potato plants grown in greenhouse and open fi eld conditions. We also transcriptionally characterized tubers of SuSy-overexpressing and -antisensed potato plants. SuSy-overexpressing tubers exhibited a substantial increase in starch, UDPglucose and ADPglucose content when compared with controls. Tuber dry weight, starch content per plant and total yield of SuSy-overexpressing tubers increased signifi cantly over those of control plants. In contrast, activities of enzymes directly involved in starch metabolism in SuSyoverexpressing tubers were normal when compared with controls. Transcriptomic analyses using POCI arrays and the MapMan software revealed that changes in SuSy activity affect the expression of genes involved in multiple biological processes, but not that of genes directly involved in starch metabolism. These analyses also revealed a reverse correlation between the expressions of acid invertase and SuSy-encoding genes, indicating that the balance between SuSy-and acid invertase-mediated sucrolytic pathways is a major determinant of starch accumulation in potato tubers. Results presented in this work show that SuSy strongly determines the intracellular levels of UDPglucose, ADPglucose and starch, and total yield in potato tubers. We also show that enhancement of SuSy activity represents a useful strategy for increasing starch accumulation and yield in potato tubers.
Introduction
In many heterotrophic organs sucrose synthase (SuSy) (E.C. 2.4.1.13) is a major determinant of sink strength that highly controls the channeling of incoming sucrose into starch and cell wall polysaccharides ( Amor et al. 1995 , Herbers and Sonnewald 1998 , Konishi et al. 2004 . SuSy is a highly regulated enzyme that catalyzes the reversible conversion of sucrose and a nucleoside diphosphate into the corresponding nucleoside diphosphate glucose and fructose ( Pontis et al. 1981 , Nakai et al. 1998 , Purcell et al. 1998 , Déjardin et al. 1999 , Asano et al. 2002 , Ciereszko and Kleczkowksi 2002 , Hardin et al. 2004 . Although UDP is the preferred nucleoside diphosphate substrate of SuSy to produce UDPglucose (UDPG), ADP is also an effective acceptor molecule of this sucrolytic enzyme to produce ADPglucose (ADPG) ( Slabnik et al. 1968 , Delmer and Albersheim 1970 , Zervosen et al. 1998 , Porchia et al. 1999 , Baroja-Fernández et al. 2003 . Genetic evidence demonstrating the importance of SuSy in starch production and sink strength determination in Enhancing Sucrose Synthase Activity in Transgenic Potato ( Solanum tuberosum L.) Tubers Results in Increased Levels of Starch, ADPglucose and UDPglucose and Total Yield heterotrophic organs comes from QTL analyses in maize endosperms ( Thévenot et al. 2005 ) , from the substantial reduction of starch levels in the sh1 maize mutants ( Chourey and Nelson 1976 ) and from genetically engineered potato tubers exhibiting a decrease in SuSy activity ( Zrenner et al. 1995 ) .
The classical view on sucrose-starch conversion in sink organs of dicotyledonous plants assumes that ADPG pyrophosphorylase is the sole source of ADPG linked to starch biosynthesis ( Preiss 1988 , Stark et al. 1992 , Müller-Röber et al. 1992 ). According to this view, SuSy catalyzes the conversion of sucrose into fructose and UDPG, which is then converted to glucose-1-phosphate and glucose-6-phosphate by UDPG pyrophosphorylase and cytosolic phosphoglucomutase. Cytosolic glucose-6-phosphate enters the amyloplast where it is converted to starch by the coupled reactions of plastid phosphoglucomutase, ADPG pyrophosphorylase and starch synthase ( Tauberger et al. 2000 ) . However, in recent years an increasing body of evidence has appeared that points out inconsistencies with such a mechanism ( Muñoz et al. 2006 ) , and previews the likelihood of the operation of alternative and/or additional pathway(s) wherein SuSy catalyzes directly the de novo production of ADPG in the cytosol, which is subsequently imported into the amyloplast by the action of a still unidentifi ed ADPG translocator ( Pozueta-Romero et al. 1991 , Naeem et al. 1997 ) (cf. Fig. 1C , Baroja-Fernández et al. 2003 ) . Consistent with this view, using transgenic potato plants expressing an ADPG cleaving enzyme in the cytosol, Muñoz et al. (2008) have recently provided evidence showing that an important pool of ADPG linked to potato tuber starch biosynthesis occurs in the cytosol. Essentially in line with investigations describing the occurrence of processes in bacteria and animals in which glycogen synthesis and degradation take place simultaneously ( Bollen et al. 1998 , Guedon et al. 2000 , active turnover of starch has been shown to occur in non-photosynthetic tissues of plants ( Pozueta-Romero and Akazawa 1993 , Neuhaus et al. 1995 , Sweetlove et al. 1996 . It thus appears that both plastid phosphoglucomutase and ADPG pyrophosphorylase play crucial roles in the scavenging of the glucose units derived from the starch breakdown. The occurrence of an alternative/additional pathway of sucrose-starch conversion implies that neither UDPG produced by SuSy, nor cytosolic hexose-phosphates derived from the action of UDPG pyrophosphorylase on this nucleotide-sugar, are involved in starch biosynthesis (cf. Fig. 1C , Baroja-Fernández et al. 2003 ) , which is consistent with the normal starch phenotype of potato tubers silenced for UDPG pyrophosphorylase ( Zrenner et al. 1993 ). This view also agrees with the starchdefi cient phenotype of transgenic potato tubers expressing either bacterial sucrose phosphorylase ( Trethewey et al. 2001 ) or invertase ( Trethewey et al. 1998 ) , since the high sucrolytic activity occurring in these tubers leads to a drastic reduction of sucrose levels, thus limiting the SuSydependent production of ADPG linked to starch biosynthesis.
Potato ( Solanum tuberosum L.) is currently the fourth most important crop worldwide after maize, wheat, and rice (FAOSTAT data, http://www.faostat.fao.org ). This crop is notably recognized as a source of proteins, vitamins, minerals, polyphenols and starch ( Al-Saikhan et al. 1995 , Appeldoorn et al. 1997 , Morris et al. 2004 , Andre et al. 2007 ). As part of our current investigation on the impact of SuSy activity on starch metabolism in heterotrophic organs, in this work we biochemically and transcriptionally characterized tubers of potato plants that constitutively overexpress Sus4, a SuSy isoform normally occurring in tubers ( Fu and Park 1995 ) . We also transcriptionally characterized starch-defi cient potato tubers silenced for sus4 expression ( Zrenner et al. 1995 ) . Our results show that SuSy is a major determinant of the intracellular levels of UDPG and ADPG in potato tubers, and show that changes in SuSy activity exert a strong impact on expression of genes involved in multiple biological processes other than starch synthesis and degradation. Finally, we also show that enhancement of SuSy activity represents a potentially very useful strategy for increasing starch content and total yield in heterotrophic plant organs.
Results and Discussion
Enhancing SuSy activity results in increased starch, UDPG and ADPG contents in tubers of transgenic potato plants when grown in greenhouse conditions
Tubers of sus4 -overexpessing plants ( Muñoz et al. 2005 ) grown in greenhouse conditions were characterized for starch and soluble sugar content. As it is our experience that biochemical analyses are subject to considerable variation, we analyzed 10 plants per line to ensure the attainment of reliable data. As illustrated in Fig. 1A , SuSy activities in control tubers were ca. 90 mU/g FW, whereas activities in SuSyoverexpressing tubers ranged between 170 mU/g FW and 250 mU/g FW. Importantly, analyses of starch content revealed that SuSy-overexpressing tubers contained 55-85 % more starch than control tubers ( Fig. 1B ) . Consistent with the capacity of SuSy to produce UDPG and ADPG from sucrose in vitro ( Delmer and Albersheim 1970 , Baroja-Fernández et al. 2003 , Muñoz et al. 2005 , SuSyoverexpressing tubers accumulated high levels of UDPG and ADPG when compared with controls ( Table 1 ) . These results are also consistent with a previous report showing that potato tubers silenced for SuSy expression accumulate only 25-30 % of the normal UDPG and ADPG ( Baroja-Fernández et al. 2003 ) . We must emphasize that transgenic potato tubers with altered activities of ADPG pyrophosphorylase and UDPG pyrophosphorylase have been shown to accumulate normal levels of ADPG and UDPG ( Sweetlove et al. 1996 , Zrenner et al. 1993 , the overall data indicating that SuSy is the major determinant of intracellular levels of UDPG and ADPG in potato tubers.
SuSy-overexpressing tubers accumulated normal levels of hexose-phosphates ( Table 1 ) , which is in agreement with a previous report showing that SuSy-antisensed potato tubers accumulate normal levels of hexose-phosphates ( BarojaFernández et al. 2003 ) . Noteworthy, levels of 3-phosphoglyceric acid in tubers from all SuSy lines were signifi cantly higher than in control tubers ( Table 1 ) , which may refl ect massive channeling of fructose produced by SuSy into the glycolytic pathway ( Geigenberger et al. 1997 ) . 3-phosphoglyceric acid is an allosteric activator of ADPG pyrophosphorylase ( Preiss 1988 ) . Therefore, although previous reports have shown that potato tubers with elevated levels of 3-phosphoglyceric acid accumulate normal or even reduced starch content ( Geiger et al. 1998 , Sweetlove et al. 2001 , it is likely that under the present conditions, high 3-phosphoglyceric acid levels favor starch accumulation in the SuSy-overexpressing tubers.
Analyses of enzymes closely associated with starch and sucrose metabolism revealed that SuSy -overexpressing tubers display normal alkaline pyrophosphatase, alkaline invertase, sucrose-phosphate synthase, ADP-sugar pyrophosphatase, total starch synthase, starch phosphorylase, and total amylolytic activities when compared with control tubers ( Supplementary Table S1 ). ADPG pyrophosphorylase and UDPG pyrophosphorylase activities in tubers of three of the seven lines were signifi cantly higher than in control tubers, whereas ADPG pyrophosphorylase activities in tubers of one SuSy line were signifi cantly lower than in control tubers ( Supplementary Table S1 ). The overall results thus indicate that the increase in ADPG, UDPG and 
.7 ± 2.46 70.3 ± 3.89 57.2 ± 3.16 5 2.9 ± 2.92 65.7 ± 3.63 55.7 ± 3.08 6 1.7 ± 3.41 65.0 ± 3.19
Glucose-1-P (nmol/ g FW) 11.5 ± 1.0 9.6 ± 1.7 9.5 ± 1.2 8.0 ± 0.9 9.7 ± 1.2 9.5 ± 2.1 10.5 ± 1.2 8.9 ± 1.3
Glucose-6-P (nmol/ g FW) 112.7 ± 7.1 98.6 ± 2.1 117.8 ± 1.1 115.9 ± 9.7 101.6 ± 7.9 94.8 ± 12.9 112.6 ± 14.7 97.1 ± 13.0
Fructose-6-P (nmol/ g FW) 44.9 ± 2.4 41.2 ± 2.2 49.9 ± 2.7 48.1 ± 2.6 40.79 ± 2.2 30.5 ± 2.2 40.3 ± 2.2 40.6 ± 2.2
Glucose (µmol/ g FW) 38.5 ± 9.3 25.4 ± 0.9 36.7 ± 7.0 31.3 ± 9.5 23.9 ± 7.1 19.5 ± 4.4 16.4 ± 4.3 20.4 ± 6.7
Fructose (µmol/ g FW) 5.6 ± 1.3 6.3 ± 1.8 5.1 ± 0.7 8.0 ± 2.3 5.9 ± 2.3 8.6 ± 2.7 8.3 ± 3.0 6.0 ± 2.3
Sucrose (µmol/ g FW) 48.8 ± 10.1 37.1 ± 1.1 36.2 ± 3.7 47.4 ± 3.5 42.7 ± 6.5 43.1 ± 2.5 43.3 ± 4,6 35.4 ± 2.3
The results are the mean ± SE of extracts from 10 independent plants per line. Values that are signifi cantly higher than those of control plants are marked in bold. Values that are signifi cantly lower than those of control plants are underlined. FW: fresh weight; 3PGA, 3-phosphoglyceric acid. starch content in SuSy-overexpressing tubers cannot be ascribed to changes in the activities of enzymes closely connected to starch and sucrose metabolisms other than SuSy.
SuSy overexpression leads to increase of tuber starch, ADPG and UDPG content, yield and dry weight per plant when grown in fi eld conditions Because starch metabolism under greenhouse conditions may be directly infl uenced by factors such as pot size and by temperature, light and humidity regimes, we also characterized SuSy-overexpressing potato tubers from plants grown in the fi eld. We must emphasize that, except in a few instances ( Regierer et al. 2002 ) , genetic engineering of potato plants has not been shown to be successful in increasing potato tuber starch and yield in fi eld conditions. As illustrated in Fig. 2A , SuSy activities in control tubers were ca. 170 mU/g FW, whereas activities in tubers of the SuSy-overexpressing transgenic lines ranged between 220 and 360 mU/g FW. None of the selected transgenic plants showed phenotypic alterations in the aerial parts compared with control plants (not shown). Average tuber number per plant in SuSy-overexpressing plants also remained unaltered (not shown). Similar to tubers of SuSy-overexpressing plants grown in greenhouse conditions, tubers of SuSy-overexpressing plants grown in the open fi eld accumulated significantly higher levels of ADPG and UDPG than control tubers ( Supplementary Fig. S1 ). Moreover, analyses of the starch content revealed that SuSy-overexpressing tubers contained 35-55 % more starch than control tubers ( Fig. 2B ). Tuber dry weight and tuber starch content (both referred to as a percentage of tuber fresh weight) were signifi cantly higher in the SuSy lines than in control plants ( Table 2 ), indicating that the increase in starch resulted at the expense of water. Signifi cantly, the tuber starch content to dry weight ratio was higher in the SuSy lines than in control plants. In addition, although tuber fresh weight per plant was normal in SuSy-overexpressing plants, both tuber dry weight and starch yield per plant were signifi cantly higher in SuSy-overexpressing plants than in control plants ( Table 2 ). In terms of productivity per land surface unit, control plants produced an average of 4.4 tonnes of starch/hectare, whereas SuSy-overexpressing plants produced between 6.1 and 8.2 tonnes of starch/hectare ( Table 2 ) .
Taking into account all the limitations inherent in basing conclusions on genetically engineered plants, the overall data show that enhancement of SuSy expression represents a very useful and effective strategy for increasing starch accumulation and total yield in potato tubers.
Changes in SuSy activity do not affect the expression of genes directly involved in starch metabolism
Data obtained using SuSy-overexpressing potato tubers (this work), together with those obtained using SuSy-antisensed potato tubers ( Zrenner et al. 1995 , Baroja-Fernández et al. 2003 ) strongly indicate that SuSy is a major determinant of the intracellular levels of ADPG, UDPG and starch in potato tubers. Because cytosolic UDPG serves as a glucosyl donor for the synthesis of glycolypids, glycoproteins, trehalose and cell wall polysaccharides ( Kleczkowski 1994 , Amor et al. 1995 , Neckelmann and Orellana 1998 , it is highly conceivable that changes in SuSy activity will lead to important changes in the tuber metabolome and N -glycome. Further studies will be necessary to confi rm this conjecture.
It is noteworthy that a single enzymatic step is capable of affecting to such a dramatic extent the synthesis and accumulation of starch and nucleotide-sugars without affecting enzymes directly involved in starch metabolism (cf. Supplemental Table S1 ). To better understand this phenomenon, high-throughput transcriptomic analysis of tubers from SuSy-overexpressing plants, and from S-112 and S-129 plants silenced for SuSy expression ( Zrenner et al. 1995 ) was performed using the POCI 44K 60-mer oligo array ( http://pgrc. ipk-gatersleben.de/poci ) ( Kloosterman et al. 2008 ) . Full details of the array hybridization analysis are given in Supplementary Table S2 and Supplementary Table S3 . In SuSy-antisensed tubers 357 genes were found to be deregulated ( > 3-fold difference relative to control; P < 0.05), 50 % of them being annotated as 'no hits found'. Among this population, 186 genes were down-regulated and 171 genes were up-regulated. In SuSy-overexpressing tubers, 60 genes were down-regulated and 58 genes were up-regulated. Quantitative RT-PCR of some of the identifi ed genes ( Supplementary Fig. S2 ) validated the results of the array analyses. To determine the biological processes affected by changes in SuSy activity, an analysis of genes using the MapMan tool ( Thimm et al. 2004 ) ( http://gabi.rzpd.de/projects/MapMan/ ) was carried out. This study revealed that changes in SuSy activity are accompanied by drastic changes in expression of genes involved in multiple processes such as metabolism of carbohydrates, amino acids and lipids, redox status of the cell, development, cell wall biosynthesis, secondary metabolism, protein translation and stability, energy production and stress responses ( Fig. 3 , Supplementary Fig. S3 and Supplementary Fig. S4 ). Noteworthy, in line with the results presented in Supplementary Table S1 , no changes were observed in the expression of many genes that code for enzymes directly involved in starch and sucrose metabolism such as starch synthases, plastidial starch phosphorylase, ADPG pyrophosphorylases, α -glucan/water dikinases, hexose-P translocator, plastidial adenylate kinase, UDPG pyrophosphorylases, sucrose-phosphate synthases, alkaline invertase, β -amylases and α -amylases. In addition, no changes were observed in the expression levels of genes that code for glycolytic enzymes and of important components of carbon sensing/signaling pathways such as the sucrose non-fermenting-1-related protein kinase-1 (SnRK1), hexokinase and enzymes involved in trehalose biosynthesis ( Purcell et al. 1998 , Tiessen et al. 2003 , Halford and Paul 2003 . The onset of starch accumulation occurring during potato tuber development is accompanied by an increase in SuSy activity and a concomitant decline in acid invertase activity ( Prat et al. 1990 , Appeldoorn et al. 1997 , the latter being post-translationally regulated by a proteinaceous inhibitor ( Bracho and Whitaker 1990 ) . Noteworthy, our RNA profi ling analyses revealed that enhancement of SuSy activity leads to down-regulation of acid invertase expression (2.85-fold decrease) ( Supplementary Table S3 ). By contrast, reduction of SuSy activity resulted in enhancement of acid invertase-encoding transcripts (4.76-fold increase), and in a drastic reduction of the levels of transcripts that code for the inhibitor of this sucrolytic enzyme (16.2-fold decrease) ( Supplementary Table S2 ). The occurrence of high levels of expression of acid invertase in SuSy-antisensed tubers is consistent with the report of Zrenner et al. (1995) . The reverse correlation between SuSy and acid invertase expression was further supported by our analyses of acid invertase activity in both SuSy-overexpressing and SuSy-antisensed tubers ( Fig. 4 ) . It thus appears that (i) SuSy-and acid invertasemediated sucrolytic pathways may be co-ordinately regulated Supplementary Table S2 and Supplementary Table S3 . Signifi cantly down-and up-regulated transcripts (2-fold difference in SuSy-overexpressing tubers and 3-fold difference in SuSy-antisensed potato tubers) as compared with control were sorted by their putative functional category and compared with the whole genome according to the MapMan software. The number of deregulated genes in each categorical group is presented here. Up-regulated genes are in grey bars and down-regulated genes are in black bars. Genes from the 'no hits found' category were not included in the graphic. Plants were grown in greenhouse conditions. in response to identical cues and (ii) the balance between these pathways is a major determinant of starch accumulation that explains the high-starch and low-starch phenotypes of the SuSy-overexpressing and SuSy-antisensed potato tubers, respectively.
Changes in SuSy activity do not affect the redox status of ADPG pyrophosphorylase
Trehalose-6-phosphate is a sugar signal of emerging significance that regulates starch synthesis via thioredoxinmediated post-translational redox activation of ADPG pyrophosphorylase ( Schluepmann et al. 2003 , Kolbe et al. 2005 , Paul 2007 ). When potato tuber extracts are separated on non-reducing SDS gels, ADPG pyrophosphorylase is present as a mixture of 50 kDa monomers (active form) and 100 kDa dimers formed by intermolecular links involving cysteine bridges ( Tiessen et al. 2002 ) . Dimerization leads to inactivation of the enzyme, which can be reactivated in vitro by incubating extracts with dithiothreitol ( Tiessen et al. 2002 ) . In leaves, reactivation of ADPG pyrophosphorylase can take place by short-term exposure to light and by feeding trehalose-6-phosphate to intact chloroplasts ( Hendriks et al. 2003 , Kolbe et al. 2005 . Because UDPG is the direct precursor for trehalose-6-phosphate, we hypothesized that changes in UDPG-producing SuSy activity would lead to concomitant changes in trehalose-6-phosphate levels that, in turn, will affect the redox status of ADPG pyrophosphorylase. To test this assumption, extracts from control and SuSy-antisensed potato tubers were separated on reductive and non-reductive SDS-PAGE and subsequently subjected to western blot analyses of ADPG pyrophosphorylase. As shown in Fig. 5 , these analyses revealed that both control and SuSy-antisensed potato tubers accumulate similar amounts of 50 kDa monomer and 100 kDa dimer. When extracts were obtained and separated under reducing conditions (including dithiothreitol), the immunoreactive signal was largely found at 50 kDa. These results indicate that redox status of ADPG pyrophosphorylase in potato tubers does not depend on intracellular levels of UDPG produced by SuSy. In addition, these results indicate that changes in starch content in tubers with altered SuSy activity ( Figs. 1, 2 ) cannot be ascribed to changes in the redox status of ADPG pyrophosphorylase.
Sus4 is a cytosolic enzyme
SuSy is considered to be a cytosolic protein. However, recent studies have shown that some SuSy forms may occur in the mitochondrial compartment ( Subbaiah et al. 2006 ) . The fact that some SuSy isoforms may be distributed in organelle(s) not involved in sucrose metabolism suggests that SuSy has novel role(s) beyond sucrose degradation ( Subbaiah et al. 2006 ) . Whether results presented in this work are ascribed to SuSy involvement in sucrose metabolism requires subcellular localization studies to confi rm (or not) that this enzyme is located in the cytosol. Therefore, we carried out confocal fl uorescence microscopy analyses of potato plants constitutively expressing a translationally fused Sus4-green fl uroescent protein (GFP)-encoding gene under the control of the caulifl ower mosaic virus 35S promoter. As shown in Fig. 6 , fl uorescence in Sus4-GFP-expressing cells was distributed uniformly throughout the cytosol. In addition, GFP-positive strands randomly traversed the vacuolar space in Sus4-GFPexpressing cells ( Supplementary Fig. S5 ), the overall data strongly indicating that Sus4-GFP has a cytosolic localization.
Materials and Methods

Plants, growth conditions and sampling
The work was carried out using potato ( S. tuberosum L. cv Désirée) plants transformed with 35S-SuSy-NOS (lines 3, 4, 5, 6, 7, 10 and 12) ( Muñoz et al. 2005 ) as well as S-112 and S-129 plants silenced for sus4 expression ( Zrenner et al. 1995 ) . 35S-SuSy-NOS plants constitutively express the sus4 gene, the product of which localizes mainly in storage tissues of potato tubers ( Fu and Park 1995 ) . We also used potato plants transformed with pSus4-GFP, which was produced as indicated in Supplementary Fig. S6 . Transformations of potato plants were conducted as described by Rocha-Sosa et al. (1989) . Transgenic plants were selected on kanamycin-containing medium.
Plants were grown both in greenhouse and fi eld conditions. Large-scale greenhouse trials were performed with plants individually grown in 5 liter pots (10 plants/line) under a light regime with a minimum of 250 µmol Tissue cylinders were obtained from harvested mature tubers using a stainless-steel cork borer, nominally 19.1 mm in diameter. Tissue samples were taken from the center part of cylinders cut perpendicular to the long axis of the tuber, to avoid the large textural and composition differences occurring between the cortex and pith tissues ( Anzaldúa-Morales et al. 1992 ) . Three samples were taken from each tuber, immediately freeze-clamped and fi nally ground to a fi ne powder in liquid nitrogen with a pestle and mortar.
Enzyme assays
One gram of the frozen powder was resuspended at 4 ° C in 5 ml of 100 mM HEPES (pH 7.5), 2 mM EDTA and 5 mM dithiothreitol. The suspension was desalted and assayed for enzymatic activity. We verifi ed that this procedure did not result in loss of enzymatic activity by comparing activity in extracts prepared from the frozen powder with extracts prepared by homogenizing fresh tissue in extraction medium. ADPG pyrophosphorylase, SuSy, sucrose-phosphate synthase, ADP-sugar pyrophosphatase, UDPG pyrophosphorylase, alkaline pyrophosphatase, alkaline invertase, starch synthase, starch phosphorylase and total amylolytic activities were assayed as described by Baroja-Fernández et al. (2004) and Muñoz et al. (2005) . Acid invertase was assayed as described by Zrenner et al. (1995) . All enzymatic reactions were performed at 37 ° C. One unit (U) is defi ned as the amount of enzyme that catalyzes the production of 1 µmol of product per min.
Determination of soluble sugars
A 0.5 g aliquot of the frozen powdered tissue was resuspended in 0.4 ml of 1.4 M HClO 4 , left at 4 ° C for 2 h and centrifuged at 10,000 × g for 5 min. The supernatant was neutralized with K 2 CO 3 , centrifuged at 10,000 × g and subjected to measurement analyses of nucleotide-sugars, fructose-6-phosphate, glucose-1-phosphate and glucose-6-phosphate. For measurement of sucrose, glucose and fructose, a 0.1 g aliquot of the frozen powder was resuspended in 1 ml of 70 % ethanol, left at 70 ° C for 90 min and centrifuged at 13,000 × g for 10 min. Sucrose, glucose, fructose and hexosephosphates from supernatants were determined by HPLC with pulsed amperometric detection on a DX-500 Dionex system as described by Baroja-Fernández et al. (2004) . ADPG and UDPG were measured as described by Muñoz et al. (2005) by using either one of the following methods: Assay A: by HPLC on a system obtained from P.E. Waters and Associates fi tted with a Partisil-10-SAX column; Assay B: by HPLC with pulsed amperometric detection on a DX-500 system (Dionex) fi tted to a CarboPac PA 10 column. 3-phosphoglyceric acid was measured as described by Muñoz et al. (2005) .
Analytical procedures
Protein content was determined by the Bradford method using a Bio-Rad XL-100 prepared reagent (Bio-Rad, San Diego, CA, USA). Starch was measured by using an amyloglucosydase-based test kit (Sigma-Aldrich Chemical Co., St. Louis, MO, USA).
Western blot analyses
For immunoblot analyses, protein samples were separated on 12 % SDS-PAGE, transferred to nitrocellulose fi lters, and immunodecorated by using antisera raised against maize ADPG pyrophosphorylase as primary antibody, and a goat anti-rabbit IgG alkaline phosphatase conjugate (Sigma) as secondary antibody. In the case of western blots of ADPG pyrophosphorylase, samples were extracted and separated on SDS-PAGE under reducing/non-reducing conditions essentially as described by Tiessen et al. (2002) .
Microarrays
RNA amplifi cation, labeling and statistical data analysis were performed basically as described by Adie et al. (2007) . Microarray slides Agilent POCI 4 × 44 (015425) that contain 246,000 expressed sequence tags corresponding to 46,345 unigenes ( http://pgrc.ipk-gatersleben.de/poci ) ( Kloosterman et al. 2008 ) were used for hybridization. Labeling and hybridization conditions were those described in 'The manual two color microarray based gene expression Analysis' of Agilent Technologies. Three independent biological replicates were hybridized for sus4 -overexpressing and -silenced lines as well as for the controls. Images from Cy3 and Hyper5 channels were equilibrated for intensity differences and captured with a GenePix 4000B scanner (Axon). Spots were quantifi ed using GenPix software (Axon) and normalized using the Lowess method. The mean of the three replicate log-ratio intensities and their standard deviations were calculated and the expression data was statistically analyzed using the LIMMA package ( Smyth and Speed 2003 ) . Functional characterization of the differentially expressed genes was carried out using the Mapman tool ( http://gabi. rzpd.de/projects/MapMan/ ) .
Real-time quantitative PCR
Total RNA was extracted from potato tubers as for microarray experiments. RNA was treated with RNase free DNase (Takara). RNA (1.5 µg) was reverse transcribed using poly(T) primers and the Expand Reverse Transcriptase kit (Roche) according to the manufacturer's instructions. Real time quantitative PCR was performed using a 7900HT sequence detector system (Applied Biosystems) with the SYBR Green PCR Master Mix (Applied Biosystems) according to the manufacturer's protocol. Each reaction was performed in triplicate with 0.4 µl of fi rst-strand cDNA in a total volume of 20 µl. The specifi city of the PCR amplifi cation was checked with a heat dissociation curve (from 60 ° C to 95 ° C). Comparative threshold values were normalized to EF1-α internal control and compared to obtain relative expression levels. The specifi city of the obtained RT-PCR products was controlled on 1.8 % agarose gels. Primers used for PCRs are listed in Supplementary Table S4 .
Confocal microscopy
Subcellular localization of Sus4-GFP was performed using a D-Eclipse C1 confocal microscope (NIKON, Japan) equipped with standard Ar 488 laser excitation, BA515/30 fi lter for green emission, a BA650LP fi lter for red emission and transmitted light detector for bright fi eld images. Supplementary Fig. S5 further confi rmed that Sus4-GFP has a cytosolic localization.
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